SUMMARY -CSF imaging using the time-spatial labeling inversion pulse (time-SLIP) technique at 3T magnetic resonance imaging (MRI) was performed to assess cerebrospinal fluid (CSF) dynamics. The study population comprised 15 healthy volunteers and five patients with MR findings showing expansive dilation of the third and lateral ventricles suggesting aqueductal stenosis (AS). Signal intensity changes were evaluated in the tag-labeled CSF, untagged brain parenchyma, and untagged CSF of healthy volunteers by changing of black-blood time-inversion pulse (BBTI). CSF flow from the aqueduct to the third ventricle, the aqueduct to the fourth ventricle, and the foramen of Monro to the lateral ventricle was clearly rendered in all healthy volunteers with suitable BBTI. The travel distance of CSF flow as demonstrated by the time-SLIP technique was compared with the distance between the aqueduct and the fourth ventricle. The distance between the foramen of Monro and the lateral ventricle was used to calculate the CSF flow/distance ratio (CD ratio
Introduction
Aqueductal stenosis (AS) is one of the most common causes of non-communicating hydrocephalus and can be divided into congenital and acquired types based on aspects of the clinical presentation, such as brain tumor pressure or cicatricial changes due to inflammation or trauma 1 . The onset of symptoms due to aqueductal stenosis varies depending on severity. The usual symptoms and signs of increased intracranial pressure may also be present, including headache, vomiting, and eventually deterioration of the level of consciousness leading to coma and death 2 . Symptomatic patients with AS require surgical treatment, such as shunt placement, endoscopic third ventriculostomy (ETV), endoscopic aqueductoplasty or stent placement [3] [4] [5] . The diagnosis of AS is best made by magnetic resonance imaging (MRI), which can be used to characterize tissue morphology in a non-invasive fashion 6 . However, it may be difficult to diagnose AS in some cases, because the aqueduct is a tiny structure, and the condition's cause varies. Therefore, it is also important to assess cerebrospinal fluid (CSF) dynamics. MRI can be used to assess CSF flow. Evidence of a flow-related signal void and phase-contrast images demonstrating the absence of CSF flow at the level of the aqueduct support a diagnosis of AS [7] [8] [9] . CSF imaging with the time-SLIP technique is based on the arterial spin-labeling technique [10] [11] [12] . After inverting the overall signals with a nonselective inversion-recovery (IR) pulse, a selective IR pulse (tag) is set for CSF in arbitrary cross-sections and directions for observation and then movement of CSF are captured at each black-blood time-inversion pulse (BBTI). Therefore, without using a contrast medium, CSF within this range is labeled as an endogenous tracer. Although background signals can be recovered by altering BBTI, and the observation period is limited to five to eight seconds, it is possible to render the gradual changes in time-axis-labeled CSF data by altering the BBTI. This method is non-invasive, repeatable, and unaffected by heart rate. Because the time-SLIP technique can easily be used to image arbitrary cross-sections, CSF dynamics can be observed not only in the ventricle but also at the surgical site. For these reasons, CSF imaging using the time-SLIP technique is useful for capturing changes in CSF dynamics.
The purpose of this study is to evaluate CSF flow by CSF imaging using the time-SLIP technique at the level of the aqueduct, the foramen of Monro, and the ETV site in healthy volunteers and patients with hydrocephalic dilation of the third and lateral ventricles, suggesting AS.
Materials and Methods

Subjects
Institutional review board approval and informed consent were obtained for the study. The control group consisted of 15 healthy volunteers with no history of brain disease, no clinical symptoms and no morphological abnormalities detected by MRI (mean age, 24.4 years [range, 8-39 years]; males, nine; females, six) ( Table 1) .
The hydrocephalic group consisted of five patients suspected to have AS based on MR findings (mean age, 36.8 years [range, 7-68 years]; males, three; females, two) ( Table 2) . Four patients presented with headaches, and the remaining patient presented with gait disturbance. MRI with 3D-T2WI showed marked dilation of the lateral and third ventricles and the foramen of Monro, no dilation of the fourth ventricle, absence of the aqueductal flow void, and a membranous septum or tapering in the aqueduct in all patients. ETV was performed in two patients whose symptoms were progres- sive. MRI was performed using the time-SLIP technique before and after the ETV in both cases.
MR Imaging
All MR imaging examinations were performed using a 3T MR scanner (Titan; Toshiba, Tokyo, Japan), with an Atlas SPEEDER head coil. Morphological MR data were acquired by axial T1-weighted imaging ( To observe CSF dynamics from the aqueduct to the third ventricle, from the aqueduct to the fourth ventricle and from the foramen of Monro to the lateral ventricles, T2WIs were used as registration images, and a selective IR pulse (tag) was set in the border zones from the sagittal section in the former two regions and from the coronal section in the latter region. For the two patients who underwent ETV, T2WI sagittal sections were tagged as registration images to observe CSF flow at the site of the ventriculostomy (Figure 1 ).
Time-SLIP technique
Evaluation Methods
To calculate optimal BBTI, ROIs were set in tag-labeled CSF, untagged cerebral parenchyma, and untagged CSF on the CSF images from the aqueduct to the fourth ventricle in the control group. Signal intensity within the ROIs was measured and graphed at each BBTI (Figure 2) .
The visualization of CSF flow was assessed at each site in the control and hydrocephalic groups. CSF flow from the aqueduct to the fourth ventricle was evaluated using the CD ratio, which was the distance between the lower portion of the aqueduct and the obex of the fourth ventricle versus the maximum travel distance of the rendered CSF flow. CSF flow from the foramen of Monro to the lateral ventricle was evaluated using the CD ratio, which was the height from the foramen of Monro to the superior wall of the lateral ventricle versus the maximum travel distance of the rendered CSF flow (Figure 3) . The CD ratio from the aqueduct to the third ventricle was not calculated because of markedly turbulent CSF flow in the third ventricle. A one-way analysis of variance was used to evaluate these ratios as calculated among radiologists, and Student's t-test was used to evaluate the differences in these CD ratios between the control and hydrocephalic groups. Statistical analysis was performed using Microsoft Excel 2010, and statistical significance was defined as p < 0.05. All images were evaluated independently by three radiologists.
Results
Signal Intensity
Signal intensity by BBTI changed according to a fixed pattern in the tag-labeled CSF, the untagged cerebral parenchyma, and the untagged CSF in the control group. Signal intensity in the tag-labeled CSF remained almost fixed despite changes in BBTI. The signal intensity of untagged CSF decreased until a null point (BBTI of 2600-2800 ms) and then recovered. Signal intensity of the untagged cerebral parenchyma increased gradually to BBTI of <2400 ms and achieved fixed intensity at BBTI of >2400 ms. The signal intensity of the untagged CSF and cerebral parenchyma were equal when BBTI ranged from 1800-2000 ms and from 4200-4400 ms (Figure 4) .
CSF Flow Rendering and CD ratio
The CD ratio was calculated using the distance between the lower portion of the aqueduct and the obex of the fourth ventricle versus the maximum travel distance of the rendered CSF flow, and the height from the foramen of Monro to the superior wall of the lateral ventricle versus the maximum travel distance of the Figure 5 Images obtained for a 33-year-old man in the control group. CSF flow is rendered clearly using the time-SLIP technique from the aqueduct to the third ventricle (→) (A), from the aqueduct to the fourth ventricle (B), and from the third ventricle to the lateral ventricle (→) (C).
A B C Figure 6 Images for a 24-year-old man in the hydrocephalic group. A) A membranous septum and prestenotic dilation in the aqueduct is observed on T2WI of sagittal sections (→). Images obtained using the time-SLIP technique show the following findings. Before ETV, no CSF flow from the aqueduct to the third ventricle is observed (→) (B) and CSF flow is clearly observed from the aqueduct to the fourth ventricle (→) (C). D) After ETV, CSF flow from the aqueduct to the fourth ventricle has disappeared (→). Turbulent and pulsatile CSF flow is observed from the prepontine cistern to the third ventricle (→) (E) and from the third ventricle to the prepontine cistern through the ventriculostomy site (→) (F).
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rendered CSF flow. The CD ratio of CSF flow from the aqueduct to the third ventricle was not calculated because CSF flow was turbulent and not linear within the third ventricle. These figures were then assessed by three radiologists who had interpreted the images. The CD ratios were analyzed statistically using analysis-of-variance techniques, and the criterion for statistical significance was set at the level of 0.05. Because no significant differences in interpretation were found, average values were used to indicate the CD ratios.
The control group
CSF flow was clearly identified at each level in all healthy volunteers (Table l, Figure 5 ). The upward pulsatile CSF flow of turbulent eddies was observed from the aqueduct to the third ventricle and over the posterior margin of the massa intermedia in the third ventricle.
Downward pulsatile CSF flow that formed a coil at the tip was observed from the aqueduct to the fourth ventricle. The CD ratio was calculated based on the distance between the lower portion of the aqueduct and the obex of the fourth ventricle versus the maximum travel distance of the rendered CSF flow. The CD ratio at this level ranged from 38.2 to 64.6% with an average of 54.7%.
Reflux and pulsatile CSF flow that formed a coil at the tip was observed from the third ventricle to the lateral ventricles through the foramen of Monro. The signal void of pulsatile CSF flow was also observed in the third ventricle. The CD ratio was calculated as the height from the foramen of Monro to the superior wall of the lateral ventricle versus the maximum travel distance of the rendered CSF flow. The CD ratio at this level ranged from 57.5% to 90.7% with an average of 73.1%.
The hydrocephalic group
ETV was performed in two patients, No. 1 and No. 2 (Table 3) . In Case No. 1, AS was confirmed during ETV; downward pulsatile CSF flow from the aqueduct to the fourth ventricle and reflux pulsatile CSF flow from the foramen of Monro to the lateral ventricle was observed. However, upward pulsatile CSF flow from the aqueduct to the third ventricle was not observed before ETV. After ETV, the downward pulsatile CSF flow from the aqueduct to the fourth ventricle had disappeared. Increased reflux pulsatile CSF flow from the foramen of Monro to the lateral ventricle was observed, and the CD ratio at the level of the lateral ventricle had increased to 59.5% from 19.6%. In Case No. 2, aqueductal obstruction was confirmed during ETV. No CSF flow was observed at any of the levels examined before ETV. However reflux pulsatile CSF flow from the foramen of Monro was observed, and the CD ratio increased to 43.4% after ETV. Toand-fro CSF flow was clearly observed between the prepontine cistern and the third ventricle through the ventriculostomy site in both patients. In one of the other three patients (Case No. 3), no CSF flow was observed at the level of the aqueduct, but reflux pulsatile CSF flow from the foramen of Monro to the lateral ventricle was observed. The CD ratio at that level was 59.5%. In the next patient (Case No. 4), upward and downward pulsatile CSF flow were observed at the level of the aqueduct, and the CD ratio in the fourth ventricle was 33.6%, but no CSF flow from the foramen of Monro A B Figure 8 The CD ratios of the rendered CSF flow are significantly higher in the control group than in the hydrocephalic group at the level of the fourth (A) and lateral ventricles (B) (*p < 0.001).
to the lateral ventricle was observed. In the last patient (Case No. 5), no CSF flow was observed at any of the levels examined (Table 4) . The CD ratios of the rendered CSF flow at the levels of the fourth and lateral ventricles were significantly higher in the control group than in the hydrocephalic group (p < 0.001) (Figure 8 ).
Discussion
The time-SLIP technique for CSF imaging uses labeled CSF with a selective IR pulse (tag) as an endogenous tracer. It is thus possible to render CSF dynamic changes without contrast medium [10] [11] [12] . Therefore this is a noninvasive and reproducible technique. When using the time-SLIP technique, the BBTI setting is essential to render a clear CSF flow over a suitable period. First, background signals are inhibited with non-selective IR pulses; labeled CSF is then set with a selective IR pulse (tag). The untagged CSF signals altered by the BBTI decrease gradually and then increase after reaching a null point. When the untagged CSF signals reach a null point, the labeled CSF and the untagged CSF exhibit marked contrast. In the present study, CSF flow from the aqueduct to the third ventricle, from the aqueduct to the fourth ventricle, and from the foramen of Monro to the lateral ventricle was rendered clearly for all healthy volunteers. Altering signal intensity by BBTI had similar effects in the tagged CSF, the untagged CSF, and the untagged brain parenchyma, respectively, of healthy volunteers. The untagged CSF signals reached a null point at 2600-2800 ms, and the contrast images of untagged brain parenchyma and CSF along with labeled CSF were acquired at approximately 1800-4400 ms. Setting BBTI within this range ensured the continuous visualization of CSF dynamics. The observation period, limited to five to eight seconds, is another advantage of this technique. Other types of CSF imaging do not allow for the visualization of CSF dynamics with the same time resolution.
The pathway leading from CSF production to absorption is widely known as the bulk-flow theory [13] [14] [15] . In recent years, the pulsatile flow theory has been reported 12, 16, 17 . In the bulkflow theory, CSF, which is produced by the choroid plexus in the ventricles, flows unidirectionally from the lateral ventricles through the foramen of Monro, then through the third ventricle and the aqueduct into the fourth ventricle and through the foramen of Luschka and Magendie into the subarachnoid space, to then be absorbed by arachnoid granulations. The movement of CSF flow depends on the relationship between active production and passive absorption. According to the pulsatile flow theory, the reported movement of CSF depends on the expansion and contraction of cerebral arteries during the cardiac cycle as well as changes in venous pressure throughout the respiratory cycle. In this study, the rendered CSF flow at each level in the healthy volunteers was pulsatile with turbulent eddies, and traveled over the massa intermedia in the third ventricle. The CD ratio in the lateral ventricles was >50%. The rendered CSF flow was not slow and represented bidirectional movement between the ventricles. These findings suggest that CSF imaging with the time-SLIP technique can be easily used to visualize pulsatile CSF flow.
The diagnosis of AS primarily involves morphological evaluation by MRI. The evaluation of CSF dynamics by MRI is also useful in the case of AS and an open ETV site 7, 9, 18 . In one patient observed to have AS during ETV surgery, CSF flow from the aqueduct to the fourth ventricle was found, regardless of the lack of CSF flow from the aqueduct to the third ventricle. The CD ratio at the level of the fourth ventricle was similar in healthy volunteers and the patient. After ETV, CSF flow in the fourth ventricle disappeared, and no CSF flow was observed at the level of the aqueduct. In the other patients who underwent ETV, no CSF flow was observed at the level of the aqueduct, and aqueductal obstruction was confirmed during ETV. In both patients, turbulent and pulsatile CSF flow was observed to pass through the ETV site between the third ventricle and the prepontine cistern. These findings suggest that this technique is sufficiently sensitive to render CSF dynamics at the level of the aqueduct and ETV site. CSF flow from the foramen of Monro to the lateral ventricle was low or undetected before ETV, and then increased after ETV. Yamada et al. 12 performed CSF imaging using the time-SLIP technique and showed a decrease in CSF flow, which disappeared from the foramen of Monro to the lateral ventricle in a patient with hydrocephalus. In this study, the CD ratio for the distance from the foramen of Monro to the lateral ventricle was calculated as >50% in all the healthy volunteers. Changes in the rendered CSF flow and CD ratio at this level after ETV suggest that CSF imaging with the time-SLIP technique could be used to capture the return of CSF dynamics to normal after ETV, which could help in predicting patient prognosis.
In one of the three patients who did not undergo ETV (Case No. 4), CSF flow was observed at the aqueductal level, but was not observed in the lateral ventricle. The CD ratio for the area from the aqueduct to the fourth ventricle was similar to that observed among healthy volunteers, though the rendered CSF flow was weak and did not reach the posterior rim of the massa intermedia. In this case, T2WI did not show any evidence of deformity or prestenotic dilation of the aqueduct. These findings suggest that the degree of AS was relatively minor but nonetheless altered CSF dynamics in cases of hydrocephalus. CSF flow at the aqueduct was not observed in two patients (Case No. 3 and 5). CSF flow from the foramen of Monro to the lateral ventricles was visualized in one patient, who had a CD ratio >50% (Case No. 3). In the other patient (Case No. 5), no CSF flow from the foramen of Monro to the lateral ventricles was detected. The lack of CSF flow at the level of the aqueduct, and clinical symptoms by increased intracranial pressure support the existence of additional flow paths 19, 20 . The contrasting characteristics of CSF flow in the lateral ventricles of these patients suggest that time-SLIP CSF imaging can be used to characterize the pathophysiology of CSF dynamics. The time-SLIP technique is expected to visualize these flow paths by allowing researchers to label CSF at arbitrary cross-sections, angles, and ranges and to predict the state of hydrocephalus. One limitation of CSF imaging with use of the time-SLIP technique is that an evaluation method has not yet been established. However, as determined in the present investigation, imaging the form and movement of turbulent CSF flow may allow for the calculation of CSF flow speed in limited spaces, such as the aqueduct, but measurement in larger areas remains difficult. Furthermore, even though the time-SLIP technique allows for a longer observation period than conventional imaging methods, the observation time is only a few seconds, and the patient must be placed in a supine position. These factors limit the analysis of CSF dynamics using the time-SLIP technique.
Conclusions
The time-SLIP technique for CSF imaging is a non-invasive, rapid and repeatable method with which to observe CSF dynamics. It may be helpful in predicting the severity of AS and the therapeutic effect of ETV and is also expected to aid in the treatment of other conditions affected by the CSF dynamics associated with hydrocephalus.
